Abstract: An asymmetric synthesis of α-spiro-δ-lactam via organocascade reaction from easily accessible starting materials is reported. The catalytic sequence undergoes enantioselective Michael addition of β-ketoamide to α,β-unsaturated aldehyde catalysed by a secondary amine catalyst, followed by hemiaminal annulation. Optically enantiopure compounds with three stereogenic centres are obtained in good yields and excellent selectivities (up to >20:1 dr and up to >99% ee).
Introduction
Cascade reactions are a useful methodology for the synthesis of chemical compounds. 1 Starting from easily accessible substrates, without modifying the reaction conditions, two or more new bonds are sequentially formed in only one-step. This avoids the process of purification after each step and protection-deprotection of functional groups. It increases the efficiency of the procedures, addressing the problems of the handling of waste and the quest for environmentally tolerable procedures. Since the renaissance of organocatalysis, asymmetric organocascade reactions allowed for a direct access to complex frameworks. 2 The unique skeleton of bicyclic α-spiro-δ-lactam is common among natural products, showing considerable potential in drug discovery 3 and new ligands 4 ( Figure 1 ). In previous researches, the preparation of bicyclic spiro-lactam compounds was disclosed via rearrangement, 5 gold catalyzed reactions, 6 Mn(III)-radical cyclization 7 and organocatalytic conjugate addition, 8 while an asymmetric version, catalyzed by non-covalent H-bonding activation was reported by Rodriguez.
8b Therefore, the high stereocontrol of spirocyclic lactam compounds bearing several stereogenic centres via new approaches remains a challenging and important objective. The diarylprolinol silyl ether chiral secondary amine catalysts play a crucial role in one-pot asymmetric organocascade reactions. 9 They were employed in previously reported double Michael/hemiaminalization organocascade reactions for the construction of diverse optically active molecules from simple achiral materials. These C-C, C-N consecutive bond-forming reactions have attracted considerable attention in the past decade. 10 For these reasons, we planned an asymmetric synthesis of α-spiro-δ-lactam compounds via an organocatalyzed one-pot Michael/hemiaminalization cascade reaction, based on our knowledge in the synthesis of hetereocycles 11 and aza-spirocyclic compounds.
12 Therefore, we envisioned the enantioselective spirocyclization between a β-ketoamide with two nucleophilic sites and an -unsaturated aldehyde with two electrophilic sites. c. 13 2 Scheme 1. General scheme of the reaction developed
Results and Discussion
We first tested the conjugate addition of N-benzyl-2-oxocyclopentane-1-carboxamide 1a to crotonaldehyde 2a, catalyzed by the secondary amine Jørgensen-Hayashi catalyst I. Table 1 . Screening of the reaction conditions between N-benzyl-2-oxocyclopentane-1-carboxamide and enal 2a or 2f [a] Entry
Cat. R Additive Time (h) Conversion [b] (yield % [c] ) dr [b] ee % The absence of additive (Table 1 , entry 1) led to the corresponding product 3a, in low yield but high dr. The addition of benzoic acid (BA) or NaOAc as additives gave full conversion and excellent dr, while higher ee and yields were obtained with BA (Table  1 , entries 2 and 3). Then we tested different solvents and toluene gave the highest enantioselectivity (Table 1, entry 3) compared with other  protic or aprotic solvents (Table 1 , entries 4 and 5), therefore, toluene was chosen as the best solvent. The screening of different benzoic acids showed that in the presence of stronger benzoic acids derivatives (Table 1 , entries 6-8), the enantioselectivity is slightly improved, but lower yields were obtained. To our surprise, when the optimal reaction conditions were tested with cinnamaldehyde 2f, a low enantioselectivity was obtained (Table 1 , entry 9). We discovered that the enantioselectivity is time dependent (as previously reported in the synthesis of DABCO derivatives by Rodriguez and coworkers) 14 , probably due to the existence of a racemic non catalytic pathway in conjunction with a retro Michael reaction. When the reaction was stopped after 1 h, the ee significantly increased to 82%, maintaining high dr and the same results were obtained with catalyst II (Table 1 , entries 10 and 11). Finally, combining the trifluoromethyl-substituted diarylprolinolsilyl ether secondary amine catalyst II with 2,4-dinitrobenzoic acid (Table 1, entries [11] [12] [13] , rendered the final product in an almost enantiopure form (>99% ee) while the dr were lowered to 2:1.
With the optimal conditions in hand, we investigated the reaction scope (Scheme 2), testing the reaction of N-benzyl-2-oxocyclopentane-1-carboxamide 1a with different α,β-unsaturated aldehydes. All the alkyl substituted enals (2a-d) performed well, rendering the final hemiaminal products 3a-d in good yields and excellent stereoselectivities (>99% ee, >20:1 dr). Also when an ester substituent was present, similar results were observed in the product 3e. Next, various aromatic enals were tested. A range of different electron withdrawing (3g,h), electron donating (3m,n) and halogens (3i-l) substituents were well tolerated, in both ortho, meta and para positions, rendering the final products 3f-n in good yields, excellent enantioselectivities but low diastereoselectivities compared to the aliphatic aldehydes. Then we turned our attention to the scope of the β-ketoamide substrate. To our delight, when we employed alkyl substituted β-ketoamide (1b,c), the final products 3o,p were obtained in excellent stereoselectivities although in slightly lower yields. The introduction of an electron donating methoxy group on the phenyl substituted amide (1d) afforded the product 3q in higher yield but lower dr and ee. Moreover, the reaction also worked with N-benzyl-2-oxocyclohexane-1-carboxamide 1e, rendering the final products 3r and 3s in lower yields, excellent dr and ee when crotonaldehyde was used (3r) while lower ee when cinnamaldehyde was used (3s). This can be attributed to the longer reaction time needed for 3s, due to the steric hindrance of the aromatic ring. When a methoxy substituent was present on the phenyl ring of the β-ketoamide 1f, the product 3t was obtained in lower dr and good ee.
The absolute configuration of 3a catalyzed by (S)-II catalyst was determined by X-ray analysis and the other products were assigned by analogy (Figure 2 ).
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Scheme 2. Scope of the reaction between -ketoamides 1a,f (1 equiv) and -unsaturated aldehydes 2a,n (1.5 equiv).
The reactions were performed on 0.2 mmol scale.
[a] The reaction was performed for 14 h. The mechanism of the reaction (Scheme 3, top) starts with a Michael addition of the ketoamide, in its enol form 1', to the enal 2, catalyzed by the secondary amine II, followed by the intramolecular hemiacetalization between the amide and the aldehyde to generate the corresponding spiro compound 3. In the Michael addition step the catalyst efficiently controls the enantioselectivity of the reaction as the bulky group blocks the bottom face of the iminium ion intermediate 4. For this reason the nucleophile 1 attacks from the Si face forming a new C-C bond in a highly enantioselective fashion. The pronucleophile 1' can attack the iminium ion 4 following two different trajectories (Scheme 3, bottom). Trajectory A where the bulky ketoamide is far away of the catalyst will render the major diastereomer. In the case of aliphatic enals, the steric hindrance between the enal and the ketoamide is small, thus affording excellent diastereoselectivities. When bigger aromatic enals are used, the steric hindrance of both trajectories A and B have similar energies, explaining the lower diastereoselectivity. The last step of the cascade reaction is the hemiaminal cyclization. We suppose that this step occurs after the hydrolysis of the catalyst. Considering that this reaction is under thermodynamic control, this will generate the most stable six membered ring 3, where both substituents R and OH are in equatorial positions. This is suggested also by the treatment of the crude mixture of 3f, consisting of 2 diastereomers in a ratio of 1.4:1, with HCl to obtain the dehydrated compound 8a (Scheme 4). The isolated product 8a consisted of a mixture of diastereomers in the same ratio as for 3f, suggesting that the diastereoselectivity of this reaction is due to the different face from which the pronucleophile attacks the enal. We also investigated some derivatizations of the product 3a (Scheme 5): oxidation of hydroxyl group (9) and dehydration (8b). Excellent yields (92 and 80% respectively) and stereoselectivities (>20:1 dr, 91% ee) were obtained. 
Conclusion
In summary, we developed an organocascade reaction between ketoamides and enals, leading to a diastereoselective and enantioselective synthesis of α-spiro-δ-lactam compounds bearing three stereogenic centres. The reaction goes through a [3+3] cyclization. The combination of trifluoromethyl-substituted Jørgensen-Hayashi catalyst and 2,3-dinitrobenzoic acid enabled excellent enantioselectivities with both aromatic and aliphatic -unsaturated aldehydes, while lower diastereoselectivities were obtained with aromatic enals. Remarkably, in all the examples the final hemiaminals were stables at r.t., and were analysed without problems in contrast with previously reported methodologies. 8, 13 Probably, the use of non electron-withdrawing protecting groups on the nitrogen, increase the stability of the compounds. When employing TMS-substituted Jørgensen-Hayashi catalyst with benzoic acid, only one diastereomer was obtained with both aryl and alkyl enals but only aliphatic products maintained excellent enantioselectivities.
Experimental Section
General procedure: in a small vial, β-ketoamide 1 (0.2 mmol, 1.0 equiv), -unsaturated aldehyde 2 (0.3 mmol, 1.5 equiv), additive (0.04 mol, 0.2 equiv) and organocatalyst (0.04 mol, 0.2 equiv) were added in 1 ml of solvent, stirred at room temperature. The crude mixture was purified by flash column chromatography (EtOAc: hexane = 4:1 gradient to 1:1) to obtain the hemiaminal products 3. Procedure for the synthesis of 9: To a stirring mixture of hemiaminal product 3a (0.2 mmol, 1.0 equiv) in 2 ml of CH2Cl2, DCC (0.3 mmol, 1.5 equiv) was added. The reaction was allowed to stir for 3 h, monitored by TLC. The crude mixture was purified by flash column chromatography (EtOAc: hexane = 1:1) to render the oxidation product 9. An asymmetric synthesis of α-spiro-δ-lactam via organocascade reaction from easily accessible starting materials is reported. The catalytic sequence undergoes enantioselective Michael addition of β-ketoamide to α,β-unsaturated aldehyde catalysed by a secondary amine catalyst, followed by hemiaminal annulation. Optically enantiopure compounds with three stereogenic centres are obtained in good yields and excellent selectivities (up to >20:1 dr and up to >99% ee).
